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Abstract
In the present work the formation of nanofibre webs from
natural polymers accessible from waste materials and SiO2-
precursors was studied at environmentally acceptable electro-
spinning conditions, thus excluding the use of hazardous
organic solvents for the preparation of spinning solutions. For
these purposes water-based solutions of S-sulfo-kerateins iso-
lated from wool, chitosan and precondensated tertraethyl
orthosilicate were investigated with special regard to their
propensity in nanofibre formation.
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Introduction
Raw materials for nonwovens are generally natural or man-
made fibres with diameters generally ranging from about
three to about 50 microns. New levels of performance can be
enabled by nano-scaled fibres in all fields of application
demanding a high surface-area-to-weight ratio, e.g. filtration
and catalysis.
N a n o f i b res with diameters between 100 nm and 1 µm can be
made by the electrospinning process. Electrospinning uses an
electrical field to draw a polymer solution from the tip of a cap-
illary to a collector. By charging a solution of high molecular
w e i ght polymers to 10 - 50 kV fine jets of the solution can be
drawn to a grounded or oppositely charged collector. The
evaporating solvent creates fibres that are collected and
formed into nanofibre mats with fibre diameters depending
u pon 
• polymer properties (molecular weight, molecular poly-
mer architecture)
• solution properties (volatility, viscosity, surface tension,
conductivity), and
• process parameters (voltage, field strength, delivery vol-
ume, needle diameter).
The technique of electrospinning has been known since
1934 [1] but received relatively little attention until recently.
With increasing interest in nanotechnology and motivated by
the reviving work of Reneker’s research group [2] electro-
spinning has gained exponential research interest in the last
few years. A broad range of polymers ranging from natural
and synthetic organic to inorganic polymers can be electro-
spun from the solution or melt allowing the generation of tai-
lored nanofibre webs for various areas of application, e.g. fil-
tration [3], reinforcement in composite materials [4], protec-
tive clothing [5] or biomedical uses [6,7]. 
The large surface area of nanofibre webs allows a rapid
absorption of hazardous molecules provided that the polymer
material contains reactive sites. Apart from using synthetic
polymers bearing special functionalities or specific add-ons to
the spinning solution, chemical and biological functionality
can also be achieved from natural polymers accessible from
waste materials. For example the chitin-derivative chitosan is
known to provide antimicrobial effectiveness [8] or keratin
fibres are known for their propensity in binding air polluting
substances by nucleophilic addition, e.g. formaldehyde [9].
Though other proteins show similar properties, electrospin-
ning of keratin-based proteins offers special advantages. This
is related to their high availability in wastes from hair, wool
and feathers, the cystine content of keratins being advanta-
geous for stabilisation of the corresponding nanofibres. This is
due to the ability of cystine to recombine after reductive cleav-
age, which is a prerequisite for keratin isolation [10]. 
In comparison to most of the organic materials inorganic
polymers can provide thermal stability. Inorganic polymers
can be made by the sol-gel process which is based on hydrol-
ysis and condensation of metal alkoxide precursor molecules
[11,12]. 
In the present work, we studied the formation of nanofibre
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webs from wool proteins isolated as S-sulfo-kerateins and chi-
tosan in pure form as well as blended with poly(ethylene
oxide) (PEO) and poly(vinylalcohol) (PVA), respectively. In
addition, the possibility of forming temperature stable nanofi-
bre webs was investigated using silica sols deriving from
tetraethyl orthosilicate (TEOS).
Experimental
Materials
PVA (Mw 86.000-124.000 g/mol, degree of hydrolysation:
98-99 %, Sigma-Aldrich), PEO (Mw 600.000 g/mol, Sigma-
Aldrich) and Chitosan (crab shells, Mw 400.000 g/mol, > 75 %
deacetylation, Sigma-Aldrich) were used as received. For 
keratin extraction Merino wool in a diameter range of 23 µm
was used after removal of external lipids by Soxhlet extraction
in CH2Cl over a period of 4 h.
Extraction of S-sulfo-kerateins from wool
Extraction of wool-S-sulfo-kerateins and their subsequent
separation into high- and low sulphur-fractions was carried
out according to the methods described in [10].
Preparation of the silica-sol
The silica-sol was obtained from TEOS:ethanol:water:HCl
in a molar ratio of 1:2:2:0.01 /12/. After mixing of TEOS and
ethanol the water/HCL solution was added dropwise under
vigorous stirring. After heating the solution over a period of
30 min at 80 °C the sol was allowed to cool to room tempera-
ture and subsequently electrospun.
Preparation of the spinning solutions from natural polymers
The low-sulfur fraction of keratein-S-sulfonates (Mw
45.000-50.000 g/mol) isolated as described above was dis-
solved in formic acid at room temperature. The corresponding
high-sulfur fraction (Mw 14.000-28.000 g/mol) was dissolved
in distilled water before blending with an aqueous solution of
PEO.
The chitosan-solutions were prepared by dissolving chi-
tosan in 10 % aqueous formic acid containing cationic surfac-
tants: hexadecyl-trimethylammonium chloride at 0.125 wt.-%
and, HDTMA-Cl at 0.167 wt.-%. The PVA-chitosan and PEO-
chitosan solutions were prepared by dissolving chitosan in 1%
acetic acid and subsequent blending the resulting solution
with an aqueous solution of PVA and PEO, respectively.
Electrospinning
Electrospinning was performed at room temperature with a
steel capillary tube (0.8 mm inside diameter tip) mounted on
an adjustable, electrically insulated stand. The polymer solu-
tion was placed into a 2 ml syringe connected to the steel cap-
illary. A constant flow rate was maintained using a syringe
pump (Pilot A2, Fresenius Fial Infusion Technology). The steel
capillary was connected to a high voltage power supply
(KNH34/P2A, Eltex). An aluminium plate was used as collec-
tor which was connected to the ground.
Chitosan-coating of silica nanofibres
Coating was performed by gentle soaking of the nanofibre
web in chitosan dissolved in 1% acetic acid followed by rins-
ing with distilled water. Coating of nanofibre webs was per-
formed with chitosan solutions containing 1 and 10 wt.-% of
polymer, respectively.
Antimicrobial Testing
SiO2-nanofibres coated with 1% and 10% chitosan and 
references without chitosan were placed onto wet filter paper
under sterile conditions and inoculated with 10 µL E. coli each
(approx. 108 bacteria / mL). After exposure of the samples in
Petri dishes for 3 h at 25 °C, 85% relative humidity in a climate
chamber samples were contacted under standardized condi-
tions with the inoculated side onto nutrient agar plates and
removed again. Thereafter, the nutrient agar plates were incu-
bated overnight at 37 °C. 
The growth of E. coli on the agar plates was assessed by
evaluating the amount of colonies on the sample compared
with the reference plates. 
Results and Discussion
Figure 1 shows a schematic of the extraction procedure for
wool keratins using oxidative sulfitolysis. After reductive
cleavage of the cystine linkages with sodium sulfite, the cys-
teine groups are completely converted into S-sulfonates by
reaction with sodium tetrathionate and sodium sulfite.
According to differential solubility behaviour, a separation
into microfibrillar and matrix proteins can be achieved by iso-
electric precipitation. Cleavage of the S-sulfo-group can be
achieved by reaction with excessive reducing agent which is
necessary to perform the recombination of cystine bridges,
e.g. by oxidation with air.
Both fractions differ significantly in amino acid composition
and molecular weight. The microfibrillar proteins (LS) contain
lower amounts of cystine (2.9 mol-%) than the matrix fraction
(HS, cystine concentration: 6.9 mol-%). In addition the LS-frac-
tion is composed of higher molecular weight proteins (Mw
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45.000-50.000 g/mol) when compared to those of the corre-
sponding HS-fraction (Mw 14.000-28.000 g/mol). The differ-
ences in molecular weight in both fractions lead to a different
behaviour during electrostatic spinning of the protein-S-sul-
fonates. Whereas from the LS-fraction nanofibres could be
obtained (Figure 2), corresponding trials with the HS-fraction
failed. This is related to the lower molecular weight of the HS-
proteins which inhibits fibre formation.
This problem can be eliminated by blending with higher
molecular weight polymers. Figure 3 shows nanofibres from
HS-S-sulfonate/PEO blends.
As demonstrated in Figure 3 homogenous fibres could be
spun from HS-S-sulfonate/PEO blends with an average diam-
eter of 440 nm. This opens up the possibilities for generating
n a n o f i b re webs of lower molecular weight proteins, e.g.
hydrolysates, which are cheaper to achieve and therefore of
special interest for industrial application. However, for
imparting water stability an addition of crosslinkers (e.g.
diisocyanates for crosslinking of proteins to form semi-inter-
penetrating networks with PEO) to the spinning solution is
necessary.
In contrast to wool kerateins electrospinning of a higher
molecular weight chitosan did not result in fibre formation
during electrospinning. This is related to a formation of
microfibrils in solution driven by strong hydrogen bonding
[13]. Even in the presence of a cationic surfactant which was
used to disrupt the interference between the polymer chains
only chitosan particles could be obtained during electrostatic
spinning (left part of Figure 4). Increasing the surfactant con-
centration resulted in the generation of particle-fibre interme-
diates which is related to an intermediate between electro-
spraying and electrospinning (right part of Figure 4).
This demonstrates that the surfactant can interfere with the
rigid association of the chitosan molecules. However, the
degree of interference is obviously not efficient for facilitating
fibre formation under the above mentioned experimental con-
ditions. Better results can be obtained by using chitosan solu-
tions blended with PVA and PEO, respectively (Figure 5).
As shown in Figure 5 fibres in different diameter ranges
were obtained from PVA/chitosan and PEO/chitosan solu-
tions. With an average diameter of 355 nm the PVA/chitosan
fibres are larger in size than the corresponding PEO/chitosan
fibres having an average diameter of 224 nm. This is possibly
caused by an interaction of PVA and chitosan through hydro-
gen bonding [14].
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Figure 2
SEM-PICTURE OF ELECTROSPUN LOW-SULFUR-S-SULFO-KERATEINS (5 WT.-% IN HCOOH).
ELECTROSPINNING CONDITIONS: VOLTAGE: 20 KV, DISTANCE: 10 CM, FLOW RATE: 1
ML/MIN
Figure 3
SEM-PICTURE OF ELECTROSPUN HIGH-SUL-
FUR-S-SULFONATES BLENDED WITH PEO
(AQUEOUS SOLUTION OF 2.5 WT.-% HS-SSO3-
AND 7.5 WT.-% PEO). ELECTROSPINNING
CONDITIONS: VOLTAGE: 30 KV, DISTANCE:
30 CM, FLOW RATE: 1 ML/H
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Another possibility of achieving antimicrobial efficiency is
a post-treatment of nanofibre webs with chitosan-solutions
(Figure 6). 
E x p o s u re of E. coli on chitosan containing PVA / s i l i c a
nanofibre webs under the testing conditions leads to a reduc-
tion in growth compared with the exposure of E. coli on
nanofiber fleece without chitosan. Compared with the refer-
ence growth of E. coli on the agar plates patched with samples
containing 1 % chitosan was significantly reduced and com-
pared with the samples containing 10 % chitosan it was
almost completely reduced (Figure 6). This clearly indicates
the potential of chitosan on the inhibition of microbial growth.
Apart from investigations on electrostatic spinning of nat-
ural polymers the possibilities of generating temperature sta-
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Figure 4
FORMATION OF PARTICLES (LEFT) AND PARTICLE/FIBRE INTERMEDIATES (RIGHT) DURING
ELECTROSPINNING/-SPRAYING OF CHITOSAN IN DEPENDENCE ON THE CONCENTRATION
OF CATIONIC SURFACTANT ADDED TO THE CHITOSAN SOLUTION 
LEFT: 2.5 WT.-% CHITOSAN/0.125 WT.-% HDTMA-CL IN 10 % HCOOH (SPINNING CON-
DITIONS: VOLTAGE: 30 KV, DISTANCE: 10 CM, FLOW RATE: 0.25 ML
RIGHT: 1.67 WT.-% CHITOSAN/0.167 WT.-% HD (SPINNING CONDITIONS: VOLTAGE:
30 KV, DISTANCE: 10 CM; FLOW RATE: 0.1 ML/H)
Figure 5
SEM-IMAGES OF PVA/CHITOSAN- (LEFT) AND PEO/CHITOSAN-NANOFIBRES (RIGHT)
LEFT: 6 WT.-% PVA/0.8 WT.-% CHITOSAN IN 1 % CH3COOH (SPINNING CONDITIONS:
VOLTAGE: 30 KV, DISTANCE: 20 CM; FLOW RATE: 0.25 ML/H)
RIGHT: 5 WT.-% PEO/1 WT.-% CHITOSAN IN 1 % CH3COOH (SPINNING CONDITIONS:
VOLTAGE: 30 KV, DISTANCE: 20 CM, FLOW RATE: 0.25 ML/H)
ble nanofibres have been also investigated. Figure 7 shows a
silica nanofibre web obtained from electrostatic spinning of a
sol derived from hydrolysed and polycondensated TEOS.
Figure 8 demonstrates the influence of field strength on the
resulting fibre diameter indicating that the fibre diameter
d e c reases with decreasing needle-to-target distance and
increasing voltage. However, a more pronounced effect was
observed by the addition of ethanol to the precondensated
TEOS which can (i) act as a surface active agent and (ii) inter-
fere with the proceeding polycondensation reaction (Fig. 9).
The results shown in Figure 9 clearly demonstrate the influ-
ence of an additional ethanol add-on to the sol immediately
before spinning which results in a decrease in
fibre diameter to an extent of nearly 63 %.
The nanofibre webs obtained from TEOS were
also tested for their temperature stability indi-
cating that polycondensation reaction is not
completed after electrostatic spinning, even
after storage at ambient conditions. This can be
concluded from the results of SEM-analysis
after treating the fibres at higher temperature
levels (Figure 10).
Conclusions
E l e c t rospinning is a viable and versatile
method for generating ultra-thin fibres from
natural polymers as well as from inorganic pre-
cursor molecules. Keratins isolated as S-sulfo-
kerateins cannot only be electrospun but also
allow the reformation of cystine bridges and
thus the fibre stabilisation after re d u c t i v e
removal of the protection group. Chitosan-
bearing nanofibres or nanofibres post-coated
with chitosan can reduce microbial growth and
are potentially interesting for air filtration uses.
Fibre formation with lower molecular weight
proteins as well as chitosan needs the addition
of interfering polymers (e.g. PEO) to disturb the rigid associ-
ation of chitosan molecules caused by hydrogen bonding. Co-
spinning of biopolymers and water soluble polymers requires
the use of crosslinkers for fibre stabilisation and this is part of
our ongoing studies. Furthermore it was shown, that temper-
ature stable fibres can be made by electrospinning of silica
sols from hydrolysed and polycondensated TEOS followed by
heat setting at 90C. 
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Figure 6
ANTIMICROBIAL EFFECT OF PVA/SILICA-NANOFIBRES
COATED WITH DIFFERENT AMOUNTS OF CHITOSAN ON
E. COLI (PATCH TEST)
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Figure 7
SEM-IMAGES OF TEOS-DERIVING SIO2-NANOFIBRES. SPINNING CONDITIONS: VOLTAGE: 
30 KV, DISTANCE: 15 CM, FLOW RATE: 0.5 ML/H
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Figure 8
INFLUENCE OF VOLTAGE AND ELECTRODE DISTANCE ON THE RESULTING DIAMETER OF
SIO2-NANOFIBRES
Figure 9
INFLUENCE OF AN ADDITIONAL ETHANOL ADD-ON TO THE SILICA SOL BEFORE SPINNING
ON THE RESULTING DIAMETER OF SIO2-FIBRES
LEFT: DIRECT SPINNING OF THE SILICA SOL; RIGHT: SPINNING AFTER ADDITION OF 
1% ETHANOL TO THE SILICA SOL
SPINNING CONDITIONS: VOLTAGE: 30 kV, DISTANCE: 15 CM, FLOW RATE: 0.5 ML/MIN
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 Figure 10
INFLUENCE OF AN ADDITIONAL HEAT TREATMENT ON THE TEMPERATURE STABILITY OF
NANOFIBRES FROM TEOS
A) 16 H STORAGE OF THE WEB AT ROOM CONDITIONS, B) SUBSEQUENT HEATING OF
A AT 210 °C FOR 10 MIN, C) HEATING OF THE FRESHLY SPUN WEB FOR 1 H AT 90 ° C, D) SUB-
SEQUENT HEATING OF D AT 210° C FOR 10 MIN.
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